Abstract-A new wireless electrophysiology data acquisition system, built around a standard homecage, is presented in this paper, which can power up and communicate with sensors and actuators/stimulators attached to or implanted in small freely behaving animal subjects, such as rodents. Key abilities of the energized homecage (EnerCage) system is enabling longitudinal experiments with minimal operator involvement or interruption, while providing test subjects with an enriched environment closer to their natural habitat, without the burden of being tethered or carrying bulky batteries. The magnetic resonant multi-coil design used in the new EnerCage-HC2 automatically localizes the transmitted electromagnetic power from a single transmitter (Tx) coil at the bottom of the cage toward the receiver coil (Rx), carried on/in the animal body, obviating the need for tracking the animal or switching the coils. In order to increase the resonators' quality factor (Q > 166) at the desired operating frequency of 13.56 MHz, while maintaining a high self-resonance frequency (SRF > 42 MHz), they are made of wide copper foils and optimally segmented based on a set of design rules that can be adopted for experimental arenas with different shapes and dimensions. The Rx rectified voltage is regulated at a user-defined window (4.1 ± 0.3 V) by a Tx-Rx closed-loop power control (CLPC) mechanism that creates a volume inside the homecage with 42 mW of power delivered to the load (PDL), and a homogeneous power transfer efficiency (PTE) plane of 14% on average at ∼7 cm height, plus stability against angular mis-alignments of up to 80
with sensors that are either installed around the experimental arena or attached to or implanted in the animal body. There are also in vivo experiments that involve interventions, such as stimulation or drug delivery, which follow a similar routine after the surgical procedure for sensor, electrode, actuator, or conduit placement: 1) transfer the animal subjects from their homecage in the animal facility to the experimental arena, 2) attach cables, connectors, reservoirs, or wireless modules, 3) closely observe the animal behavior during the training or data collection period, 4) detach everything from the animal, and 5) return them back to the homecage in the animal facility [2] . This routine needs to be repeated for every single session and every subject, creating a stressful environment for the animal subjects that can bias their behavior and experimental results [3] . It is also quite labor intensive and time consuming for the researchers in long-term experiments, and impose significant financial burden on the research institutions, driving the costs up, if they are outsourced to contract research organizations (CRO). Similarly, testing early stage new drugs or medical devices under development in terms of efficacy, safety, reliability, and biocompatibility, involves experiments that run over extended periods in large animal subject populations to achieve reliable and meaningful statistical outcomes. If any portion of the aforementioned procedure can be shortened or automated, it can have a significant impact on the quality of the experimental results and reduction in costs and labor.
There is a large body of research that signifies the effects and importance of the environmental enrichment in behavioral neuroscience [4] , [5] . For instance, Simpson and Kelly found that enrichment has profound effects on brain neurochemistry and the resulting behavior, suggesting that environmental enrichment has the potential to significantly modify these parameters in rats. They also identified the duration of the enrichment as one of the important variables in its impact [3] .
We have developed a comprehensive EnerCage system with a modular architecture that can alleviate limitations over the size and shape of the experimental arena as well as the duration of the experiment [6] , [7] . In this system the animal subject was tracked in real time using a small magnetic tracer on the animal body and an array of 3-axial magnetic sensors embedded in the Tx coil tiles at the bottom of the arena. We noticed that the number of experiments limited by tethering effect and operating time of the existing hardwired and wireless systems, respectively, is much higher than those limited by the size of the experimental arena. Therefore, we developed a new EnerCage system architecture around the most common experimental spaces in today's research labs, i.e., the standard homecage [8] .
EnerCage-HC1, however, still required the animal subject to be tracked in real time using a Kinect 3-D image sensor mounted above the homecage. This would occupy space and prevent the homecage from being placed in a rack, which is quite common in animal care facilities. In the meantime, several other groups have developed their own wirelessly-powered cages in various dimensions, all of which required animal tracking [9] [10] [11] [12] except for a recent high frequency design [13] , which is only suitable for delivering small power level (< 1 mW) due to safety limits, and requires a large RF cavity underneath the cage, preventing it from placement in a rack. Using ultrasonic energy to transfer power has also been proposed [14] , [15] . However, it is mostly suitable for powering implantable medical devices as ultrasound requires tissue medium for energy transfer, and significantly attenuates in the air. Therefore, it is not suitable for powering a headstage on a freely behaving animal.
Here we present a new EnerCage system (HC2), built around a standard homecage, which can continuously power up and communicate with any sensors, stimulators, actuators, and their associated electronics implanted in or carried on the animal body in the near-field regime at the FCC-approved operating frequency of 13.56 MHz in the industrial, scientific, medical (ISM) band, which allows delivering high power levels to the load (PDL) in 10 s of mW range, while reducing the risk of interference with nearby instruments or excessive heat and electromagnetic exposure to the animal subjects in the cage and research personnel. The novel multi-resonator coil arrangement around the homecage, simply driven by a single LC-tank located at the bottom of the homecage, can dynamically focus the magnetic field at the position of the Rx coils in/on the animal body, obviating the need for a tracking system or switching the coils. Moreover, in order to increase the resonators' quality factor (Q) at 13.56 MHz, while maintaining a high selfresonance frequency (SRF), they are made of wide copper foils and optimally segmented to achieve a homogeneous power transfer efficiency (PTE), i.e., with the highest possible minimum, at the nominal height of the designated animal species (∼7 cm for rats). Furthermore, a closed-loop power control (CLPC) mechanism is established between the Tx-Rx power management circuits to cover the entire volume inside the homecage with stable and robust PDL at a user-defined level despite animal movements.
The following section presents the EnerCage-HC2 system overview. Section III describes the design, optimization, and analysis of the copper-foil segmented coils, as well as HFSS simulation results. Section IV includes the measurement results, followed by the concluding remarks.
II. ENERCAGE-HC2 SYSTEM OVERVIEW Fig. 1 shows a simplified block diagram of the EnerCage-HC2 system, which provides a small receiver carried by the behaving animal subject in the form of a headstage (in this case), backpack, or implant, with wireless power via magnetic resonance in the near field through a multi-coil inductive link. It can also communicate with the receiver wirelessly through a Bluetooth low energy (BLE) link to enable remote control of the electronics, acquire data, and CLPC. 2 ), made of polycarbonate (Alternative Design, Siloam Springs, AR), which is encompassed by five primary coils that constitute the power Tx. L1 is the only coil that is driven by a Class-C power amplifier (PA). The other four coils, L21-L24, are electrically floating tilted primary resonators, made of 25 mm wide copper foil, segmented to achieve high Q-factor without reducing SRF. They adhere to the body of the homecage along with their resonance capacitors from outside (see Fig. 5 ), and are covered with Kapton tape (polyimide film) for electrical isolation from one another and protection against moisture. 2) A driver block that includes the Class-C PA, operating at 13.56 MHz, a digitally controlled DC-DC converter that can adjust the PA supply voltage to change its output power, controlled by a CC2540 microcontroller (MCU) (Texas Instruments, Dallas, TX) with built-in BLE transceiver. 3) A headstage that includes the secondary resonator, L3C3, and the load LC-tank, L4C4, plus additional circuits to support sensing, stimulation, or drug delivery. The headstage is also equipped with a CC2541 to establish a bidirectional BLE communication link with; 4) A personal computer (PC), equipped with a CC2540 MCU dongle, which monitors the CLPC function, stores acquired data from the headstage, sends control commands to the headstage, and shows the status of the EnerCage-HC2 system in real time through a graphical user interface (GUI). Fig. 2(a) shows a simplified flowchart of the CLPC, which includes two BLE links among three aforementioned CC254X MCUs. Upon receiving the user command, the GUI first establishes a BLE connection between the PC dongle (master) and the headstage MCU (slave), and then establishes a second connection between the PC dongle (master) and the driver MCU (slave), which are referred to as the BLE1 and BLE2 links, respectively. Once BLE1 is in place, the CC2541 builtin ADC in the headstage samples the onboard rectifier output voltage, V rec , which is made of Schottky diodes (BAS4002A, Infineon Technologies, Germany) to reduce dropout voltage, as well as the stimulus current across a 1 kΩ resistor at 100 Hz each, and sends them to the PC to be recorded and visualized on the GUI. The CLPC algorithm running on the PC compares V rec with the desired window, defined by the user, and delivers this information to the driver block via BLE2. The driver MCU, which controls the DC-DC converter, increases or decreases the PA supply voltage, V P A , based on the incoming V rec data in a closed-loop to ensure that it remains within the desired range despite animal movements or load variations.
III. DESIGNING THE SEGMENTED COILS
In this section a set of rules governing the design of the EnerCage-HC2 coils and resonators is presented, which support the choice of resonance frequency, geometry of the coils on the Tx and Rx sides, and segmentation of the primary resonators. Fig. 2(b) shows the schematic diagram of the main circuits involved in the wireless power transmission from the homecage driver to the neural tissue in the case of a wireless stimulating headstage. The red arrows in this figure indicate mutual coupling among various coils on the Tx and Rx sides, where the Tx coils form a symmetrical arrangement with respect to the center of the homecage (see Fig. 1 ). In Fig. 3(a) , the Tx resonators are divided into two groups which are rotated 90
• with respect to one another: (L21-L22) and (L23-L24). To simplify the theoretical analysis and without loss of generality, we look at only one group of resonators at a time and infer the effect of the other group based on symmetry. For simulations and measurements, however, we consider both groups together to demonstrate their agreement. 
A. A Single Resonance Frequency for the Entire System
As fundamental requirement in geometric design of the EnerCage-HC2 was to make ensure that the collective Tx-Rx inductive link structure produces a single resonance frequency, and that would be tuned to match the carrier frequency generated by the driver block. This requirement can be mathematically incorporated in the equations that indicate the resonance frequency of each resonator in the inductive link chain, as shown in the simplified Fig. 3(b) , while considering all the mutual inductances that affect it. Fig. 3(b) shows the mutual couplings among the coils in the simplified structure and their respective resonance frequencies, which can be found from
(1)
Since L1, L21, and L22 are stationary around the homecage, M1,21, M1,22, and M21,22 are constant. M3,4 is also constant since L3 and L4 are fixated in the headstage, even though the headstage moves within the EnerCage-HC2. Thus the only mutual inductances in (1)-(5) are M21,3 and M22,3, which are very small in comparison to the other mutual inductances because of the large separation and size difference between the Tx and Rx coils. Hence, a single target resonance frequency for this system can be set, regardless of the Rx location in the homecage, and each of the LC-tank resonance frequencies can be tuned to match the carrier frequency (f = 13.56 MHz) by changing its respective capacitor. From the practical and convenience perspectives, it is worth nothing that in this design, because of the strong coupling among the primary resonators due to their overlap, only one primary resonator needs to be finely tuned to match the resonance frequency of the entire Tx structure with the target carrier frequency, f .
B. Geometrical Design of the Inductors
Key factors in determining the coil geometries in EnerCage-HC2 system were: 1) Compatibility with standard homecage dimensions that are used for rodents, particularly within a rack. 2) Providing maximum PTE and sufficient PDL to the Rx, particularly in the worst case conditions, i.e., without holes or deep valleys in the wirelessly powered areas within the homecage. As shown in Fig. 3(b) , a voltage source, V s (PA), pumps electric power into L1 on the Tx side, generating a homogeneous electromagnetic filed across the homecage with the help of four Tx resonators, inducing current in the Rx resonator, L3C3, located at a nominal height of d from the bottom of the homecage and eventually in L4, which delivers power to R L . It should be noted that optimizing the PTE and PDL in this case means elevating them in areas with minimum PTE to ensure PDL is enough to keep the Rx on when the CLPC adjusts the Tx power, as opposed to maximizing PTE in the perfectly aligned regions in traditional coil optimization.
We were able to shrink the size of the headstage PCB, which houses part of the CLPC and a simple 1-ch discrete stimulation circuit in this version [see Based on our prior simulations and in vitro experimental results on the EnerCage-HC1 system [8] , since the size of the Rx coils is considerably smaller than the homecage, the center of the cage often has the weakest magnetic flux density, mutual coupling, and consequently the PTE. Therefore, we start designing the Tx coils by optimizing the PTE between L1, which is placed under the center of the cage, and perfectly aligned L3. From [16] [17] [18] , if dR and dT are the diameters of perfectly aligned circular Rx and Tx coils separated by d, respectively, the optimal PTE can be achieved when
If Tx and Rx coils are not circular, we can still use (6) by multiplying both sides by π/4 to consider the coils' areas where A T and A R are the areas of the Tx and Rx coils, respectively. Using (8) for a pair of rectangular coils and plugging in L3 dimensions, the optimal size for L1 was calculated as 13.45 cm, and rounded up to 13 cm. We used 15 AWG magnet wire, made of copper with varnish coating, to construct L1. Following the optimization procedure in [19] for 3-coil inductive links, we derived the number of turns for L1 and L3 to be N1 = 3 and N3 = 3, respectively, as well as the specifications of L4 in the headstage. These specifications are summarized in Table I .
If we were to add a single high-Q resonator, L2, to L1, L3, L4 combination to improve the PTE around the perimeter of the homecage in a 4-coil arrangement, the best positon would have been a horizontal resonator at the nominal height of d = 7 cm [20] . We constructed a 3-D model for this arrangement in the HFSS environment (ANSYS, Canonsburg, PA) to validate and fine tune the design of the multi-coil Tx. The dotted curves in Fig. 4 show the resulting PTE when Rx is swept along X and Y axes. Even though L2 significantly improves the PTE around the perimeter of the homecage, due to the weak coupling between L1 and L2, resulting from their disparate dimensions, the PTE is quite low in areas outside L1 but not close to the perimeter of the homecage. To improve the mutual coupling between L1 and L2, while maintaining strong magnetic field density around the perimeter of the homecage at the height of 7 cm, we used four rectangular resonators, L21-L24, each covering one side of the homecage at d = 7 cm, and slanted towards L1 on the other side to go around L1 in proximity of its windings. This arrangement not only strengthens M1, 21-24 in Fig. 3 but also help the system to be more robust against Rx angular misalignments. The distance between the two sides of L21 and L22 along X-axis and L23 and L24 along the Y -axis across L1 is 15 cm. A similar HFSS simulation in Fig. 4 (the dashed lines) show a significant improvement in the PTE both in the center and along the perimeter of the homecage, while also eliminating the areas with weak PTE, to ensure PTE > 14% anywhere within the EnerCage-HC2 system.
C. Segmentation of the Tx Resonators
Considering the large dimensions of the Tx resonators, as they need to wrap around the homecage, and the choice of a relatively high operating frequency, f = 13.56 MHz, to be within the ISM band, using the existing RFID chipsets, and shrinking the size of Rx components, it is important to make sure that the SRFs of L21-L24 are considerably higher than f . Otherwise, Q21-Q24 would drop and significantly degrade the PTE [21] . One well-known method for increasing the SRF of large coils, which is often used in design of the magnetic resonance imaging (MRI) systems, is segmentation [22] . In this method, the large highly conductive loop is divided into equallength segments linked with small capacitors in a way that the length of each segment is much less than the wavelength of the carrier signals [23] . This is done to avoid electromagnetic field cancellation at the Rx location, caused by the varying current phase in a large conductive loop [24] [25] [26] , where the field is stronger close to the perimeters of the loop where the conductors are. With proper segmentation, however, the loop is able to produce a uniform magnetic field distribution by avoiding current phase cancelation in the center, where we often have the weakest magnetic field.
The relative permittivity of polycarbonate, the material used in the body of the EnerCage-HC2 prototype, which constitutes the substrate for the Tx resonators, is ε r = 3 [27] . This will result in a wavelength of λ = 3 × 10 8 /(f × √ ε r )= 13 m, indicating that a suitable choice for the length of each segment would be less than λ eff = λ/10 = 1.3 m [23] , [24] , [28] [29] [30] . On the other hand, the perimeters of the Tx resonators (L21-L22) and (L23-L24) in Fig. 3(a) are 1.1 m and 1.3 m, respectively . Thus, the Tx resonators were segmented only by two to make sure the segmentation rule is satisfied. To validate the optimal number of segments in the Tx resonators, we compared the PTE in the same HFSS model, resulting in the curves with the solid lines in Fig. 4 , which confirmed that 2-segment resonators were slightly better than complete loops. Table I includes the final specifications of the Tx resonators (also see Fig. 6 ).
D. Self-Localizing Effect
The proposed configuration of high-Q resonators around the homecage with their considerable overlap and strong crosscoupling results in self-localization of wireless power towards the Rx location. In particular, in this design all primary resonators have strong coupling with L1 by fully overlapping it. One or more resonators that are best coupled with the Rx is/are the resonator(s) that transfer power to L3 and L4. Therefore, at the cost of slightly lower PTE compared to the EnerCage-HC1 [8] , which is compensated to a large extent by using higher-Q copper foil resonators, no animal tracking or coil switching is required to active or deactivate the resonators that are closer to Rx. This will make the proposed solution more suitable for low-cost and high-throughput experiment designs, which can even be executed within the animal care facility, without occupying precious laboratory space. A similar method was recently reported in [31] , in which the authors have physically connected all the Tx resonators in parallel with hardwires. This makes it more difficult to construct the resonators compared to the electrically floating approach adopted here. Our resonator design also leaves the top of the homecage open for easy access to proving water, food, and animal handling. Fig. 5 shows the Poynting vectors generated by our 3-D HFSS models, which illustrate the real part of the power density. These simulations show how electromagnetic power is coupled from the Tx resonators around the homecage to the Rx coils, located at 7 cm above of the bottom of the cage. Fig. 5(a) shows the Rx at the center of the homecage, while Fig. 5(b) shows the same simulation when the Rx is shifted along the X-axis to the right side, showing that when the Rx is closer to a particular resonator, that resonator automatically contributes more than the other resonators in the PDL because of its stronger coupling to the Rx coils, providing a path for power flow to the load. This would eliminate the need to switch the resonators based on the location of the Rx. Fig. 5(c) illustrates the Poynting vectors when the homecage was encompassed by a single horizontal resonator loop around the homecage at the height of 7 cm [32] . It can be seen that the electromagnetic field around the Rx is considerably weaker.
E. Specific Absorption Rate (SAR) Limit
The animal/human body is almost transparent to electromagnetic field at frequencies below 20 MHz [33] . Regarding SAR limit, the permitted level of exposure in this band is 1.6 W/kg [34] . In the current EnerCage-HC2 prototype, the PA maximum output power is limited to 2 W. Our simulation results in HFSS indicate a SAR of 0.043 W/kg for the worst case positioning of the rat within the homecage at 13.56 MHz. Considering the average weight of 400 g for the rat, the maximum allowable power transmitted by the PA would be 15 W. These simulations indicate that EnerCage-HC2 is quite safe both for the animal subject and research personnel. Fig. 6(a) illustrates three EnerCage-HC implementations with the solid AWG15 magnet wire (1.45 mm in diameter), 13 mm-wide copper foil with two segments, and 25 mm-wide copper foil with four segments. Higher PTE is achieved using copper foil resonators with 25 mm width because of their higher Q-factor of 160-166 in comparison with the magnet wire and 13 mm copper foil with Q-factors of 135 and 152, respectively, regardless of segmentation. Fig. 6(b) shows the measured PTE from these implementations, clearly suggesting that 2-segment 25 mm-wide copper foil Tx resonators provide the maximum PTE, in agreement with the theoretical design and simulations in Section III. By increasing the number of segments from two to four, more capacitors must be placed between the segments in the resonator loops, causing a higher resonator parasitic resistance, and reducing the Tx resonators' Q-factor. Fig. 6(c) shows the final construction of the EnerCage-HC2 proof-of-concept prototype with L1 and its driver located at the bottom of the homecage. Since primary LC-resonators (L21C21-L24C24) have strong mutual coupling, they are virtually in parallel and a single resonance frequency can be obtained for the entire EnerCage-HC2 on the Tx side by simply tuning one of these resonators. Fig. 6(d) presents the measured transmission coefficient (S21) of the homecage as a function of frequency, while changing the value of C24, which can be seen in Figs. 2(b) and 6(c) , from 130 pF to 236 pF when all other Tx resonance capacitors are kept constant at 130 pF. Fig. 7(a) illustrates S21 of the EnerCage-HC2 prototype from L1 to L4 when all the LC-tank circuits are tuned at f = 13.56 MHz. On the Tx side, thanks to the strong coupling between primary resonators, only one of the resonators needs to have a variable capacitor for fine tuning of the entire Tx at f , and the other resonators have fixed capacitors [see Fig. 6(c) ]. This would significantly facilitate manual calibration and optimal operation of the EnerCage-HC2 system, which can be automated in the future. Fig. 7(b) shows part of the driver block that is encased in a Plexiglas enclosure along with L1 to be protected against moisture while being easily detachable from the homecage. This module is placed beneath the EnerCage-HC2 such that L1 is perfectly aligned at the center of the homecage. A key part of the driver is a Class-C power amplifier (PA), shown in Fig. 7(c) , that directly drives L1 from an adjustable supply voltage, V P A . Fig. 8(a) compares the measured PTE for the EnerCage-HC2 with 2-segment 25 mm-wide copper foil Tx resonators (the upper surface) with that of a similar EnerCage with single-loop magnet wire Tx resonators when the Rx is swept horizontally across XY -plane at the height of d = 7 cm (the lower surface). As expected, due to the large size of the Tx coils with respect to L3 and L4 dimensions, the area at the center of the homecage represents the worst case condition in terms of PTE. Nevertheless, the segmented copper foil resonators have achieved PTE = 14% in this area versus only 6% for the single-loop magnet wire resonators. As Rx moves closer to the edges of the homecage, the PTE increase significantly, due to the higher coupling between L3 and L21-L24. Fig. 8(b) shows the PTE measurements when sweeping the Rx across the XZ-plane along the midline of the homecage (Y = 0 cm). The peak PTE is observed at the height of Z = 7 cm, which verifies the proper geometrical design of the EnerCage-HC2 multi-coil Tx in Section III, particularly the high-Q segmented resonators.
IV. EXPERIMENTAL RESULTS

A. EnerCage-HC2 Prototype Implementation
The required average DC power at the output of the rectifier for the 1 channel wireless stimulating headstage, shown in Fig. 2(b) , is 42 mW, when the stimulator is delivering ∼150 μA stimulus pulses at a rate of 100 Hz, and sampling, digitizing, and transmitting V rec and stimulus current back to the PC-GUI at 100 Hz via BLE1 (see Fig. 2 ). Fig. 9(a) shows the measured The CLPC mechanism is also in charge of maintaining the PDL under Rx angular misalignments. To test this, PDL and V P A were monitored in Fig. 9(b) when the Rx was rotated from θ = 0
• to 90
• in the center of the homecage at a height of d = 7 cm. Based on our empirical findings with the headstage in Fig. 10(b) , when Rx receives < 40 mW, the BLE transmission range starts dropping from more than 50 cm to less than 10 cm when the CC2541 supply voltage drops to its minimum level of 2 V. Fig. 9(b) shows that without CLPC, PDL drops from 45 mW down to 27 mW, which is the minimum level to keep the BLE active up to 70
• rotation. However, to keep the BLE distance > 50 cm, which is necessary for reliable reception outside the homecage, the rotation should be limited to 25
• only. On the other hand, with CLPC, the Rx receives stable power at 42 mW with up to θ = 80
• rotation of the headstage. Fig. 10 shows the in vivo experimental setup, including the EnerCage-HC2 prototype and the 1-ch wireless stimulating headstage. To withstand moisture and mechanical damage, the headstage was covered on both sides with a thick layer of medical grade epoxy, resulting in the overall weight of 5.1 g. Two 16 week old Sprague Dawley rats, weighing 330-350 g were used in this 4-hour pilot study, which was conducted with prior approval from the Institutional Animal Care and Use Committee (IACUC) at Emory University to test the functionality of the EnerCage-HC2 system prototype and the wireless stimulating headstage. Each rat was implanted with a 6 mm electrode in the primary motor cortex to test the effects of stimulation in subsequent trials. The electrode impedances were measured 17 kΩ and 50 kΩ.
B. In vivo Experiments
To calibrate the stimulus current sensor in the headstage, a resistor was connected in series with the active electrode and reference ground to emulate tissue/electrode resistance. By changing this resistor from 5 kΩ to 25 kΩ in 5 kΩ steps, the current amplitude in the anodic phase was decoded from the data acquired by the built-in ADC of the headstage MCU and compared with the current measured differentially by an oscilloscope. Fig. 11(a) shows the result of this calibration, in which the difference is limited to ∼20 μA when the emulating resistor is 5 kΩ.
The stimulation frequency and pulse width were set to 100 Hz and 500 μs, respectively, as shown in Fig. 11(b) . The anodic (active) and cathodic (passive) phases were measured 148 μA and 36 μA, respectively. The ADC, which is activated during stimulation, takes one sample from V rec and eight consequtive burst of samples from the 1 kΩ current sense resistor (2 samples during anodic phase and 6 samples during the cathodic phase) with 60 μs spacing. These 9 samples are then packetized and sent to the PC-GUI via BLE1 every 10 ms. The electromagnetic field interference on the small loop formed by the driver circuit, stimulating electrodes, and brain tissue is negligible compared to the stimulus current because this loop has small area, low Q-factor due to > 10 kΩ electrode impedance, and not being tuned at the carrier frequency. Fig. 12(a) shows a sample recording of V rec when the animal was freely behaving inside the homecage and the CLPC was set to keep 3.8 V < V rec < 4.4 V. As shown in Fig. 12(a) , as soon as the CLPC algorithm detects V rec outside the user-defined window, it adjusts V P A and consequently the PA output power by sending control data to the driver block via BLE2 at a rate of 100 Hz.
The CLPC functionality was also verified by manually moving the headstage from the center of the EnerCage-HC2 to one corner, where the magnetic field is considerably stronger. It can be seen in Fig. 12(b) that V rec initially increases from 4.1 V to 4.5 V. However, about the same time V P A starts dropping from 15 V down to 12 V by the CLPC, opposing V rec variation and returning it back to 4.1 V. When the headstage is moved back to its original position in the center of the homecage, V rec drops down to 3.8 V but returns back to its original value when V P A returns back to 15 V. The headstage was then manually rotated in place from its horizontal position to θ = 60
• and back to θ = 0
• , as shown in Fig. 12(c) . As a result of reduced coupling, V rec initially drops to 3.8 V, however, it returns back towards 4.5 V and eventually settles at 4.1 V as V P A is adjusted accordingly by the CLPC. Table II benchmarks key features of the EnerCage-HC2 system versus previously published work. In comparison to EnerCage-HC1 in [9] , from the practical perspective, when one considers all the additional complexities involved with installing, acquiring, and processing the Kinect data, or any other method for real-time animal tracking, to control and switch the coils, we argue that the presented architecture has significant benefits for high throughput and multi-cage applications, offering a more robust and cost-effective solution. Moreover, we have been able to compensate for some of the abovementioned advantages in [9] by utilizing copper foils to further boost the resonators' Q-factor. One should also consider the improved robustness that results from reduced complexity and removal of the components, such as interconnects, relays, and tracking system that could malfunction.
V. CONCLUSION
A wirelessly-powered research instrument for conducting physiology and preclinical research on freely behaving small animal subjects has been presented, which is fully compatible with standard homecages used in animal research facilities and CROs. The EnerCage-HC2 system can reliably energize and communicate with a variety of sensors, actuators, stimulators, and drug delivery systems that are attached to or implanted in the animal body wirelessly and indefinitely, while creating an environment close to their natural habitat. Key features of the new EnerCage-HC2 system are: 1) A novel geometricallyoptimized array of high-Q segmented resonators, made of copper foils, encompassing the standard homecage to create a homogeneously powered space, while being driven by a single coil and PA located under the homecage; 2) No need for tracking the animal subject for switching the coils, thanks to the self-localizing effect of the transmitted power at the location of the Rx through the strongest coupling formed between the Rx resonator and multiple strategically located and sized Tx resonators; 3) Resonance based wireless power transfer between Tx coil (L1), Tx resonators (L21-L24), Rx resonator (L3), and Rx coil (L4), which provides high PTE and PDL across a large 3-D space (20 × 23 × 46 cm 3 ) inside the homecage; 4) A closed-loop power control (CLPC) mechanism established across two BLE links, involving a PC and two MCUs. Several design rules and guidelines have been presented, which can be extended to other homogeneously powered spaces with different shapes and sizes. Several prototypes are implemented and compared with respect to their PTE and PDL within the homecage. Finally in vivo experiments are conducted on two freely behaving rats while successfully activating a simple 1-channel wireless stimulator.
